Background Information. Dysregulated micro-RNAs have been reported in many human cancers, including renal cell carcinoma. Recent studies indicated that miR-490 is involved in tumour development and progression. However, the expression profile and function in renal cell carcinoma remains unknown.
Introduction
Renal cell carcinoma (RCC) is a common urologic tumour and accounts for about 143,000 deaths in 2012 (Frew and Moch, 2014) . The most common RCC is clear cell renal cell carcinomas (ccRCCs) which accounts for about 75-80% of RCC (Dey et al., 2012; Sato et al., 2013) . The initiation and progression of ccRCC is a complicated process involving many gene alterations, such as loss of chromosome 3p (harbours VHL, PBRM1, BAP1 and SETD2) (Young and Simon, 2012; Sato et al., 2013) , the chromo-somal amplification of p62 (Li et al., 2013a) , the deletion of HIF1α (Shen et al., 2011) and other forms of gene dysregulation (Purdue et al., 2011; Sato et al., 2013; Gerlinger et al., 2014) . Therefore, understanding the precise molecular mechanisms involved in the pathogenesis and the identification of new biomarkers of ccRCC will be critical to explore new potential strategies for early diagnosis and therapy. Currently, increasing evidence indicates that deregulation of micro-RNAs (miRNAs) affects cell growth and development of cancer.
miRNAs are small (ß22 nt) non-coding RNAs and involved in the regulation of gene expression primarily by promoting mRNA degradation and/or translational inhibition (Bartel, 2004; Zhang et al., 2013) . Each miRNA has tens or hundreds of target mRNAs which in turn mediate miRNA's function (He and Hannon, 2004) . Therefore, miRNAs can act as oncogenes or as tumour suppressor genes during tumour development and progression. The deregulation of miRNA has frequently been found in many cancers, and multiple miRNAs expression panels can classify tumour type and stage. Mounting studies have demonstrated that altered patterns of miRNA expression are involved in ccRCC (Jung et al., 2009; Petillo et al., 2009; Juan et al., 2010; Weng et al., 2010; Zhou et al., 2010; White et al., 2011; Youssef et al., 2011; Osanto et al., 2012; Wach et al., 2013) . Furthermore, many dysregulated miRNAs were reported to be functionally involved in ccRCC (Chow et al., 2010; Liu et al., 2010; Wu et al., 2012; Khella et al., 2013) . For instance, our previous studies found that miR-34a suppresses renal cancer cell proliferation and metastasis by targeting CD44 (Yu et al., 2014) . Ma et al. (2015) found that miR-185 inhibits renal cancer cell proliferation by targeting VEGFA directly.
In the present study, we found that miR-490-5p expression was significantly down-regulated in ccRCC tissues and cell lines. Cell proliferation, colony formation and cell migration of ACHN and 786-O cells are inhibited by over-expression of miR-490-5p in vitro. Mechanistically, we pinpointed miR-490-5p's role as a tumour suppressor by inhibiting the phosphatidylinositol 3-kinase (PI3K)/Akt signalling pathway. To our knowledge, our study is the first to document the role of miR-490-5p in ccRCC.
Results

miR-490-5p is down-regulated in ccRCC tissues and cells
Several reports indicated that miR-490-5p and -3p is de-regulated in many human cancers. However, the expression and function of miR-490 in ccRCCs are still unclear. To this end, miR-490-5p and -3p expression levels were first evaluated in 27 pairs of ccRCC tissues and adjacent non-tumour tissues. The real-time PCR analysis showed that miR-490-5p was significantly down-regulated in 96.3% (26/27) ccRCCs ( Figure 1A ), whereas expression of miR-490-3p has no significant difference between tumour and adjacent non-tumour tissues (P = 0.26) ( Figure 1B) , which suggested a possible anti-tumourigenic role of miR-490-5p in ccRCC. We next examined miR-490-5p expression in five human renal cancer cell lines (ACHN, 786-O, OS-RC-2, Caki-1 and SN12PM6) and control cell line HK-2 (human kidney proximal tubular epithelial cell) by quantitative PCR. It revealed that all of the five renal cancer cell lines manifest as noticeably down-regulation of miR-490-5p as compared with HK-2 cells ( Figure 1C ).
miR-490-5p directly targets 3 UTR of PIK3CA
To explore the molecular mechanism responsible for the function of miR-490-5p in ccRCC, we used TargetScan and miRanda to predict the targets of miR-490-5p. Among all these predicted targets, PIK3CA as a previously reported protein playing critical roles in cell growth, cell apoptosis and tumourigenicity was chosen as one of our candidates ( Figure 2A ). Next, we cloned the wild-type (WT) or mutant 3 UTR into the psiCheck-2 plasmid (a luciferase reporter vector) and performed luciferase reporter assays ( Figure 2B ). The luciferase reporter assays unveiled that the overexpression of miR-490-5p decreased the luciferase reporter activity controlled by the PIK3CA WT 3 UTR. However, this inhibitory effect can be abrogated as proved in the luciferase reporter vector containing PIK3CA mutant 3 UTR ( Figure 2C ). Consistently, real-time PCR assays and western blot showed that both the mRNA and protein levels of PIK3CA strikingly decreased by the over-expression of miR-490-5p or miR-490-5p mimics in ACHN cells (Figures 2D and 2E) . Together, these results indicated that PIK3CA was a direct target of miR-490-5p in ACHN cells.
miR-490-5p inhibits cell growth, migration and invasion in renal cancer
To further investigate the roles of miR-490-5p in the development of renal cancer, we over-expressed miR-490-5p in 786-O and ACHN cells by lentiviral vector. Quantitative PCR analysis showed that the level of miR-490-5p increased by about 56-fold and 47-fold following infection by lentivirus in 786-O and ACHN cells, respectively ( Figure 3A) . Next, cell viability and colony formation ability were evaluated. We found that over-expression of miR-490-5p in 786-O and ACHN cells significantly decreased cell viability and colony formation ability in vitro ( Figures 3B and 3C) . Significantly, overexpression of flag-PIK3CA in ccRCC cells increased cell growth and colony formation ability (Figures 3B Figure 1 Downregulation of miR-490-5p expression in human renal cancer cell lines and tissues (A) Relative miR-490-5p expression in 27 ccRCCs and adjacent non-tumour tissues. Each dot represents one sample. Total RNAs were extracted from ccRCCs and adjacent non-tumour tissues, respectively, followed by quantitative PCR using stemloop RT methods, and miR-490-5p expression values were expressed as ratios with U6 snRNA (internal control). Statistical significance was evaluated by paired sample t test. (B) Relative miR-490-3p expression in 27 ccRCCs and adjacent non-tumour tissues. miR-490-3p expression values were expressed as ratios with U6 snRNA. ** indicates significant differences, P < 0.01. (C) miR-490-5p expression was analysed in HK-2, ACHN, 786-O, SN12PM6, OS-RC-2 and Caki-1 cells. Expression was normalised to HK-2 cells (control). Data are plotted as the mean ± SD of three independent experiments. **P < 0.01 versus Ctrl.
and 3C), which is in contrary to the phenotypic alterations upon miR-490-5p over-expression, suggesting that PIK3CA may be a downstream effector of miR-490-5p.
Metastasis is one of the most dangerous properties of most cancers, and migration and invasion are two essential factors for metastasis (Zhang et al., 2013) . Consistent with previous reports (Vivanco and Sawyers, 2002) , over-expression of PIK3CA in 786-O and ACHN cells promoted cell migration and invasion capability in our study ( Figure 3D ). We therefore explored whether miR-490-5p regulates the migration and invasion of ccRCC lines. Also, as 786-O and ACHN cells were infected with miR-490-5p or miR-LacZ and allowed to migrate through a trans-well membrane into complete media, we found that miR-490-5p can lead to 60 and 68.4% reduction in migratory potential for 786-O and ACHN, respectively ( Figure 3D ). Similarly, miR-490-5p over-expression also significantly reduced invasion capability by 91.6 and 65% in 786-O and ACHN cells, respectively ( Figure 3D ). Taken together, these results suggest that miR-490-5p may act as a tumour suppressor and play an important role in ccRCC metastasis.
PI3K/Akt pathway is involved in the anti-tumourigenic roles of miR-490-5p in ccRCC
Given that PIK3CA can positively regulate PI3K/Akt/mTORC1 activity, which can enhance cell viability and tumour formation, we sought to determine whether miR-490-5p regulates renal cancer cell proliferation and tumour formation via PI3K/Akt pathway. As expected, phosphorylation of AKT and p70S6K (an indicator of mTORC1 activity) was reduced in cells stably expressing sh-PIK3CA or miR-490-5p, whereas the total AKT and p70S6K had no change ( Figure 4A ). In contrast, there was no significant change on the total and phosphorylation ERK in ACHN cells stably expressing sh-PIK3CA or miR-490-5p, when compared with the corresponding control group ( Figure 4A ). On the basis of these data, we reasoned that miR-490-5p may regulate renal cancer cell viability and proliferation via PI3K/Akt pathway. We evaluated this possibility by co-transfecting PIK3CA short hairpin RNA together with or without miR-490-5p into ACHN cells. Our data showed that PIK3CA knockdown and miR-490-5p over-expression all significantly decreased cell viability in ACHN cells ( Figure 4B ). Simultaneous knockdown of PIK3CA and over-expression of miR-490-5p also result in decreased cell viability, but the inhibitory effect is not additive ( Figure 4B ). Moreover, by infection of lentivirus expressing the PIK3CA gene, the PIK3CA expression was rescued in the stable miR-490-5p cell line; thus, the cell viability was partially reversed ( Figure 4C ). Compared with flag-PIK3CA/miR-490-5p-expressing cells, over-expression of PIK3CA alone resulted in an obvious increase in cell viability ( Figure 4C ). These results suggest that PIK3CA is one of the important mediators for miR-490-5p's role in renal cancer cell viability and proliferation. To further characterise the in vivo effects of miR-490-5p on tumourigenicity, a BALB/c nude mouse orthotopic xenograft model was performed. We found that over-expression of miR-490-5p inhibited in vivo tumour growth with statistical significance ( Figure 4D ). Furthermore, the inhibitory effect of miR-490-5p on renal cancer cell tumour formation was reversed by concomitant PIK3CA overexpression ( Figure 4D) , suggesting that the effect of miR-490-5p on in vivo tumour formation is mediated, at least in part, through PIK3CA. Together, miR-490-5p inhibits ccRCC cell proliferation and tumour formation by inhibiting PI3K/Akt pathway.
Discussion
Previous reports have shown that miR-490-5p and -3p are deregulated in various cancers. miR-490-3p has shown to be down-regulated in gastric cancer , lung cancer (Gu et al., 2014) , ovarian epithelial carcinoma (Chen et al., 2015b) , osteosarcoma cell lines (Liu et al., 2015) , colon cancer and Ewing's sarcoma (Zhang et al., 2013) , suggesting miR-490-3p could be a potential tumour suppressor. Zhang et al. (2013) found that miR-490-3p is up-regulated in hepatocellular carcinoma tissues and cells and functions as an oncomiR in HCC. These suggest that miR-490-3p exerts either pro-or anti-tumourigenic effects in a cell-type and contextdependent manner . While in urological cancers, it is reported that the aberrant expression of miR-490-5p is related to cancer initiation, development and prognosis (Ambs et al., 2008) . Also, miR-490-5p was found to be down-regulated in bladder cancer tissue and cell lines, and its overexpression in bladder cancer cells significantly inhibited the cell proliferation by targeting c-Fos (Li et al., 2013b; Lan et al., 2015) . Nevertheless, the expression and function of miR-490-5p and -3p in ccRCC remain elusive. In our research, the results proved that down-regulation of miR-490-5p was a frequent event in ccRCCs, and this down-regulation increased ccRCC cell viability, colony formation and migration and invasion abilities. However, expression of miR-490-3p was not consistently down-regulated (P > 0.05). The inconsistency of miR-490-5p and Research article -3p expression levels in renal cancer tissues and cells may be due to their different stability. Although miRNAs are globally stable, the post-transcriptional modification of pre-miRNAs or mature miRNAs affects miRNA stability (Kai and Pasquinelli, 2010; Ruegger and Grosshans, 2012) . Recent studies have shown that target mRNA and Argonaute proteins can inhibit or promote miRNAs degradation. In addition, methylation, uridylation and adenylation of miRNAs may also regulate miRNA stability. Given that the expression of miR-490-5p and -3p in renal cancer tissue is not consistent, it is very interesting to examine the molecular mechanism of miR-490-5p and -3p modification and degradation.
Notably, we provide evidence that PIK3CA might act as a target of miR-490-5p. Over-expression of miR-490-5p led to a significant reduction in PIK3CA mRNA and protein level, and further down-regulated the phosphorylation of AKT and p70S6K. This process activates PI3K/Akt which is involved in many pathways, especially in tumourogenesis, such as cell proliferation, apoptosis, glucose metabolism and energy metabolism (Vivanco and Sawyers, 2002; Fresno Vara et al., 2004) . PIK3CA, located on chromosome 3, encodes the p110α catalytic subunit of PI3K . Amplification and gain-of-function mutations in PIK3CA occur frequently in many human cancers, including ccRCC (Samuels et al., 2005; Wu et al., 2005; Sato et al., 2013) . As a key regulator of PI3K signalling pathway, PIK3CA regulates the generation of phosphatidylinositol triphosphate which further activates Akt/PKB kinase (Lang and Ling, 2012) . AKT kinase is the centre of several major cell signalling pathways, and its activation can trigger a cascade of responses including cell proliferation and survival by phosphorylating a variety of substrates (Vivanco and Sawyers, 2002) . Consistently, our data demonstrated that miR-490-5p can inhibit PI3K/Akt pathway, and over-expression of miR-490-5p inhibits cancer cell growth, migration and invasion in vitro and tumourigenicity in vivo. Furthermore, knockdown of PIK3CA can block the growth inhibitory effect of miR-490-5p, and over-expression of PIK3CA can reverse the inhibitory effect of miR-490-5p on renal cancer cell proliferation and tumour formation in vivo, indicating that miR-490-5p will suppress tumour growth in RCC, at least partially, by targeting PIK3CA.
In summary, we have described a novel miR-490-5p/PIK3CA/Akt pathway, which may be potentially involved in tumourigenesis and progression of many cancers. Identification of the relationship between miR-490-5p and PI3K/Akt pathway would help us to have a better understanding of molecular mechanisms of cancerogenesis.
Materials and methods
Human samples
Tissue samples from clear cell RCC and the adjacent normal tissues were obtained from patients receiving radical nephrectomy in the Department of Urology at Tongji Hospital of Huazhong University of science and technology in China. The samples were obtained from the period of 2012-2014 with informed consent and Ethics Committee's approval. All the samples were kept in liquid nitrogen before RNA extraction.
Antibodies
Following antibodies were used in the experiments: antip70S6K (#9202), antiphospho-p70S6K (Thr389) (#9205), anti-AKT (#9272), anti-phospho-AKT (Ser473) (#4058), anti-ERK (#4695), anti-phospho-ERK (Thr202/Tyr204) (#9101), anti-PIK3CA (#4254) from Cell Signaling Technology; anti-GAPDH (CW0100) purchased from Beijing CWBio; goat antimouse IgG horseradish peroxidase (HRP)-linked whole antibody (SA1-74039) and goat anti-rabbit IgG HRP-linked whole antibody (SA1-9510) purchased from Pierce Company.
Plasmid constructs
miR-LacZ was obtained from Invitrogen. miR-490-5p was synthesised and cloned into pLenti6.4-MSGW/EmGFP-miR containing EGFP (Invitrogen). miR-490-F and miR-490-R were mixed, annealed and then ligated into pLenti6.4-MSGW/EmGFP-miR. Flag-PIK3CA recombinant was constructed by cloning the coding region of PIK3CA (3207 bp) into BamHI and XhoI sites of psi-Flag-C1 (from Rongjia zhou's laboratory). The PIK3CA cDNA was PCR amplified using primers PIK3CA-F and PIK3CA-R, digested by BamHI and XhoI and ligated into psi-Flag-C1 cut with BamHI and XhoI to create the Flag-PIK3CA. The PIK3CA 3'UTR (338 bp) was amplified from human genomic DNA and cloned into the psiCHECK2 vector (Promega). Human genomic DNA was PCR amplified using primers PIK3CA-UTR-F and PIK3CA-UTR-R, digested by XhoI and NotI and ligated into psiCHECK2 cut with XhoI and NotI to create the psiCHECK2-PIK3CA-WT. The psiCHECK2-PIK3CA-Mut construct, which the miR-490-5p seed sequence in 3 UTR of PIK3CA mRNA was partially substituted (5 -ATGGATCA-3 ), was generated by a two-step PCR-based mutagenesis procedure using psiCHECK2-PIK3CA-WT as the template. First-step PCR products were used to amplify two partially overlapping fragments (120 and 260 bp) by using primers PIK3CA-UTR-F plus PIK3CA-mut-R and PIK3CA-mut-F plus PIK3CA-UTR-R. Both fragments, after annealed, played the role of template for second-step PCR. PIK3CA-UTR-F and PIK3CA-UTR-R, as the second-step PCR primers, were used to amplify the mutant 3 UTR of PIK3CA. The resulting mutant second-step PCR product was cut by both XhoI and NotI and ligated into to psiCHECK2 to obtain psiCHECK2-PIK3CA-mut. The primers for making these constructs were as follows: miR-490-F, TGCTGCCATGGATCTCCAGGTGGGTGTTTT GGCCACTGACTGACACCCACCTAGATCCATGG; miR-490-R, CCTGCCATGGATCTAGGTGGGTGTCAGTCAGTG GCCAAAACACCCACCTGGAGATCCATGGC; PIK3CA-F, CGCGGATCCATGCCTCCACGACCATCATC; PIK3CA-R, CCGCTCGAGTCAGTTCAATGCATGCTGTTTAAT; PIK3 CA-UTR-F, CCGCTCGAGAAAGATAACTGAGAAAATGAA AGCTCA; PIK3CA-UTR-R, AAAAGCGGCCGCTCCATCAT TTCTATATATTTTGGGGAT; PIK3CA-mut-F, TGCATAG-GAATTGCACAATGGATCAACAGCATTA; PIK3CA-mut-R, GTAAATTCTAATGCTGTTGATCCATTGTGCAATT.
RNA interference and mimics
Hsa-miR-490-5p mimic and the corresponding mimic control oligo were purchased from RiboBio. Oligos corresponding to the target sequences were annealed and cloned into the HpaI and XhoI sites of the pSicoR-Puro plasmid. The following target regions were chosen: PIK3CA-1#, GCATTGACTAAT-CAAAGGA; PIK3CA-2#, GACAAGAGAATTTGAGAGG.
RNA extraction and real-time PCR
Total RNAs were extracted by trizol (Invitrogen) and cDNAs were synthetised using Rever Ace qPCR RT Kit (TOYOBO). Real-time PCR was performed using SYBR Green Realtime PCR Master Mix (Roche) and the ABI ViiA7 QPCR System (Applied Biosystems). Amplification conditions were as follows: 95°C for 15 s, 60°C for 15 s, 72°C for 45 s for 40 cycles in a 25-μl reaction mix containing 1 × SYBR green. The expression levels of miR-490-3p and miR-490-5p were quantified using stemloop RT according to the manufacturer's protocol (Roche). All reagents for stemloop RT were obtained from Roche and RiboBio. The U6 snRNA was used as an internal control. For miRNA and mRNA PCR, the reactions were incubated in a 96-well plate at 95°C for 10 min, followed by 40 cycles of 95°C for 20 s, 60°C for 20 s and 72°C for 1 min. The following primers were used for qPCR: PIK3CA-5 , TGCTAAA-GAGGAACACTGTCCA; PIK3CA-3 , GGTACTGGCCAAA-GATTCAAAG; TBP-5 , TGCACAGGAGCCAAGAGTGAA; TBP-3 , CACATCACAGCTCCCCACCA.
Cell culture and transfection ACHN, 786-O, SN12PM6, OS-RC-2, Caki-1, HK-2 and HEK293T cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen) added with 10% foetal bovine serum (HyClone) and incubated in a humidified incubator (Thermo Fisher Scientific) set as 5% CO 2 and 37°C. All plasmids transfections were operated with Lipofectamine TM 2000 (Invitrogen).
Virus generation and infection, luciferase activity assays, colony formation and cell proliferation, cell migration and invasion assays
These experiments were performed as described in Chen et al. (2015a) .
Xenograft orthotopic implantations
For in vivo studies, 1 × 10 6 ACHN cells stably expressing miRLacZ, miR-490-5p or/and flag-PIK3CA were injected into the left kidney of male BALB/c nude mice at 4-5 weeks of age. Eight weeks after the implantation of the xenografts, animals were euthanised and xenografts were harvested, and assessed for tumour weight. The tumour weight was monitored by measuring the weight of left kidney (W L ) and right kidney (W R ) of the tumour by an analytical balance and was calculated using the formula W t = W L −W R . All experiments were approved by the Animal Care and Use Committee of Tongji Medical College of Huazhong University of Science and Technology.
Statistical analysis
The data are presented as the mean ± SD. Differences among groups were determined by a two-way ANOVA followed by a post hoc Tukey test. Comparisons between two groups were performed using an unpaired Student's t-test. A value of P less than 0.05 was considered significant.
Funding
This work was supported by National Natural Science Foundation of China (31072238, 31172441, 31372562, 81170650, 81402105, 81402087) ; National Major Scientific and Technological Special Project for Significant New Drugs Development (2012ZX09303018); China Postdoctoral Science Foundation (2014M552048); Natural Science Foundation of Hubei Province of China (2012FFB02412 and 2013CFB174) . The funders had no role in the study design, data collection and analysis, decision to publish or preparation of the manuscript.
